Featured Application: Semiconductor saturable absorber mirrors can be characterized non-destructively by their coherent acoustic response in the sub-THz range. Optical below-bandgap generation of coherent acoustic phonons opens a new way to investigate light-matter interaction dynamics in a long-period semiconductor superlattice on picosecond time scales.
Introduction
Periodic structures such as multiple quantum wells (MQWs) and superlattices (SLs) have been used as attractive tools for the observation of folded longitudinal coherent acoustic phonons (LCAPs) [1, 2] . A broad range of possible applications based on periodic structures have been proposed and investigated ranging from tailored heat transport for thermoelectric applications to crystals is supported by the folding of X-point phonons onto the Γ-point due to grating formation by coherent phonons.
In this paper, we report on the generation and detection of CLAPs in a MQW-semiconductor saturable absorber mirror (SESAM) structure performed by femtosecond time-domain spectroscopy (high-speed asynchronous optical sampling) in a reflection geometry at a wavelength of around 1050 nm for both pump and probe laser sources. The MQW-SESAM structure exhibits multiple QWs as embedded saturable absorber layers and a distributed Bragg mirror (DBR) which are spatially separated by GaAs and AlGaAs layers. Both of the pump and probe photon energies are above the bandgap of the saturable absorber layers but below that of constituting materials of the DBR, whose reflectance is close to 100% for our laser wavelengths. Due to the high detection sensitivity of our pump-probe system, we are able to observe not only very pronounced LCAPs excited in the MQW region, but also much weaker acoustic phonon contributions which can be attributed to folded LCAPs excited in the transparent DBR region.
Our findings demonstrate the first simultaneous observation of MBZ-center and -edge modes in a transparent non-doped long-period semiconductor SL. The detailed discussion of the MBZ mode excitation and detection in our experiment will be given in Section 3.2. In addition, the broadband coherent acoustic frequency combs ranging from~30 GHz to~800 GHz monitored in the light absorbing MQW region enables us to non-destructively characterize our SESAM structure (Section 3.1). Finally, the structure-related complexity of our experimental phonon spectrum will be discussed in Appendix A.
Experimental Procedure
The MQW-SESAM sample used in our experiment is schematically shown in Figure 1 . The structure of the sample from top to bottom (light incident direction) consists of a GaAs cap layer, nine In 0.27 Ga 0.73 As QWs separated by GaAs barriers and a DBR composed of 23 GaAs/Al 0.95 Ga 0.05 As bilayers, which is grown on a GaAs substrate oriented along the (100) direction. The neighboring triple-QW stacks are separated by 112-nm thick GaAs layers. Each triple-QW stack consists of an In 0.27 Ga 0.73 As/GaAs/In 0.27 Ga 0.73 As/GaAs/In 0.27 Ga 0.73 As structure with 7-nm thickness for each QW and 6-nm thickness for each barrier. The MQW structure is separated from the sample surface by a GaAs cap layer with the thickness equal to approximately half of the separation distance between triple-QW stacks. Each bilayer in the DBR consists of 73.7-nm GaAs and 86.7-nm Al 0.95 Ga 0.05 As. The DBR and the last QW are spaced by a 9.6-nm GaAs layer and a 68.7-nm Al 0.95 Ga 0.05 As layer. Two GHz-repetition-rate Yb:KYW lasers with 5 kHz repetition rate difference emitting both at a central wavelength of~1050 nm are employed to conduct femtosecond pump-probe spectroscopy on this sample in a reflection configuration. One Yb:KYW laser is used as pump laser and another is used as probe laser. Both pump and probe beams are incident on the air/cap layer surface. The reflected probe beam is received by a 125-MHz photodetector, which is connected to a 100-MHz A/D converter for data acquisition. Thus, the photo-induced reflectivity change (∆R/R) is monitored as a function of time delay between the pump pulse and probe pulse which is automatically introduced by their repetition rate difference. Unless a specific note is given, the incident pump power and probe power are always set to 100 mW and 4.5 mW, respectively. All experiments are performed at room temperature. A more detailed description of the experimental set-up can be found in Ref. [25] . Tables 1 and 2 list relevant properties of the lasers and the sample, respectively. From both tables, it is clear that photon energies (1.184 eV, 1.183 eV) of pump and probe lasers are above the bandgap of In 0.27 Ga 0.73 As (1.052 eV (bulk), 1.177 eV (confinement effects considered)); meanwhile, the photon energies are significantly below the bandgap of GaAs (1.424 eV (bulk at room temperature)) and the bandgap of Al 0.95 Ga 0.05 As (2.148 eV (bulk)). Therefore, the optical absorption region refers only to MQWs (In 0.27 Ga 0.73 As) represented by violet areas in Figure 1 , while the bottom DBR materials are transparent to both pump and probe light. Both these features will be of relevance for our following discussion regarding CLAPs photo-induced generation and detection. [26] 0 (α = 7.4 × 10 −3 cm −1 ) [26] 1.424 [27] 4730 [27] 5.317 [28] In 0.27 Ga 0.73 As 3.60 [29, 30] 0.028 (α = 3.4 × 10 3 cm −1 ) [31] 1.052 [32] (1.177 quantization) 4487 [33] 5.410 [33] Al 0.95 Ga 0.05 As 2.98 [34] 0 [35] 2.148 [26] 5592 [36] 3.838 [36] DBR (GaAs/Al 0.95 Ga 0.05 As) 3.22 [37] 5160 [37] QW-heterostructures (GaAs/In 0.27 Ga 0.73 As) 3.54 [37] 4596 [37] 
Results and Discussions
The obtained experimental signal is shown in the inset of Figure 2a . After a background subtraction conducted via a smoothing average, rich acoustic features become visible in the main panel of Figure 2a , where several distinct wave-packet-like structures are present in the signal. Regarding the numerical signal processing, we note that the extraction procedure is first optimized for the higher frequency components, and thus, some lower frequency components are suppressed in Figure 2a . In order to address the lower frequency component contributions more quantitatively, the extraction procedure is adjusted in the later investigations in Section 3.2 It is important to mention that the applied extraction procedure is only used to increase the visibility of the small acoustic contributions to the overall signal (detected relative reflectivity change induced by superimposed acoustic signal ∆R/R~10 −7 while the reflectivity change from the electronic background ∆R/R~10 −4 , i.e., 3 orders of magnitude larger), without introducing artifacts in the acoustic spectrum. The two different frequency domains will be discussed in the following paragraphs, starting with the high frequency contributions. 
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High Frequency Coherent Acoustic Phonon Combs
Generation and Detection Mechanisms
Since the pump light energy is absorbed in the QWs in our sample, stresses could potentially be photo-excited by three mechanisms including the inverse piezoelectric effect, the thermo-elastic effect and the deformation potential,
However, the inverse piezoelectric effect only dominates when the semiconductor heterostructure is grown along a high index piezo-electrically-active direction where large built-in electric fields can be formed, especially in the [111] direction. The [100] direction is non-piezo-electric (our sample) [38] . Additionally, although the laser light can heat up the sample and induce a thermal expansion, unlike in metals, in semiconductors such a thermo-elastic effect is usually considerably weaker than the deformation potential effect, especially when the energy of the pump optical quantum is close to the semiconductor band gap [39] . Therefore, it makes sense to ignore the contributions from σ PE and σ TE . In other words, stresses related to light absorption are considered to take place in the nine QW layers in our sample mainly through deformation potential interaction,
where d eh denotes the electron-hole phonon deformation potential parameter and N(z,t) denotes the photo-excited carrier concentration [4] . Equation (2) indicates that the generation of coherent acoustic phonons largely depends on the concentration of photo-excited electrons and holes in the bottom of the conduction band and in the top of the valence band when the photon energy is very close to the material bandgap, which holds true for our QWs with a bandgap only~7 meV below the pump photon energy (1.184-eV photon energy and 1.177-eV bandgap of QW). In terms of detection, the presence of acoustic phonons is able to induce a displacement of the surface and interfaces of the medium (interferometric effect) and perturb the optical refractive index of the medium (photo-elastic effect), which are monitored by the reflected probe light via the optical reflectivity change. Because the probe light exhibits approximately the same wavelength as the pump light, the generated forward and backward propagating stress waves are also detected in the QWs layers through the photo-elastic effect. The interferometric effect can in principle contribute to the detection of the acoustic waves. The MQW-SESAM structure is designed to maximize the optical electric field at the position of the QWs, and thus, efficient light absorption, generation, and detection of elastic waves can be expected.
Overview of Experimental Results
Due to the periodic structure of the MQWs, a train of acoustic wave-packets over the whole time window is detected, as depicted in Figure 2a . The detected acoustic signal is proportional to the integral of f g (z,t) * f d (z), i.e., the convolution of two functions, along the acoustic propagation axis z, where f g (z,t) represents the generated stress in each triple-QW stack and f d (z) represents the detection sensitivity function in each triple-QW stack. The main feature of the detected acoustic signal can be explained quite well by the analysis conducted in [25] , where we used the same sample for an initial test of the pump-probe system performance.
We will quickly reiterate some of the previous findings which are important to establish a deeper and more quantitative understanding of the rich acoustics in the sample. Firstly, as shown in Figure 2b the central frequency of the acoustic spectrum (the peak frequency of the main lobe of the wave-packet FFT depicted by the magenta curve) is 366.5 GHz, which is determined by the travelling time of the stress wave between neighboring QWs. Due to the resemblance of our results with optical frequency combs, we also apply the same terminology here, where the central frequency (or wavelength) refers to the frequency (or wavelength) of the carrier (wave-packet) and spectral lines are equally spaced by the inverse of the pulse repetition rate, i.e., the inverse of time delay between neighboring wave-packets. In theory, the central acoustic frequency induced by the periodic QWs can be calculated as f 0 = (d QW /v eff ) −1 = 353.5 GHz, where v eff denotes the effective longitudinal acoustic velocities in GaAs/In 0.27 Ga 0.73 As heterostructure which can be taken from Table 2 , and d QW denotes the distance of adjacent QWs (13 nm) within the triple-QW stack. Secondly, the acoustic frequency comb shows a spacing of around 33 GHz determined by the travelling time of the stress wave between neighboring triple-QW stacks, which is also equal to the round trip time between the first triple-QW stack and the air/GaAs interface. The comb spacing induced by the spatial periodicity of the triple-QW stacks can be approximated by ∆f 0 = (d ss /v GaAs ) −1 ≈ 32.6 GHz, where d ss represents the spatial period of the triple-QW stacks (145 nm), and v GaAs represents the longitudinal sound velocity in GaAs, whose contribution to the SESAM structure width largely dominates over that of In 0.27 Ga 0.73 As. In a word, the experimental results fit well with the above estimations. In addition, the five peaks in the detected individual wave-packets can be explained by the convolution of the stress bursts, consisting of three pulses incident on the triple-QW structures, and the detection sensitivity function, containing three peaks in each of the triple-QW structures (see Figure 3 ).
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Generation, Propagation and Detection of Acoustic Waves in MQW Region
In III-V semiconductor multilayer structures, the acoustic reflection from the internal interface is usually insignificant, due to the small acoustic impedance mismatch between constituent materials. If the densities ρGaAs and ρInGaAs, as well as longitudinal acoustic velocities vGaAs and vInGaAs, are taken from Table 2 , the reflection coefficient of the GaAs/In0.27Ga0.73As interface can be calculated as Γ =|(ρGaAsvGaAs − ρInGaAsvInGaAs)/(ρGaAsvGaAs + ρInGaAsvInGaAs)| = 1.8 × 10 −2 . As illustrated in Figure 3 , if the small acoustic impedance mismatch between GaAs and In0.27Ga0.73As is neglected, in total six discrete wave-packets should be detected after the sample is irradiated by the pump light. The first wave-packet, which is not presented in Figure 2a because of the difficulties in removing the background signal at times close to the pump/probe overlap, stems from the detection of the forward and backward propagating stress bursts (Sib and Sir, i = 1, 2, 3) generated in each of the triple-QW stacks when they are escaping from the corresponding local stacks (Figure 3 , line 1). The second detected wave-packet stems from the detection of five stress bursts in the neighboring/local triple-QW stacks at the same time when the photo-generated stresses after the propagation between the triple-QW stacks start to move across the stacks. These five stress bursts include two pairs of bursts excited in the first and the second triple-QW stacks (Sib and Sir, i = 1, 2) and the backward propagating burst excited in the third triple-QW stack, i.e., S3r (Figure 3 , line 2). The third wave-packet stems from the detection of four stress bursts (Figure 3 , line 3), and so on. In 
In III-V semiconductor multilayer structures, the acoustic reflection from the internal interface is usually insignificant, due to the small acoustic impedance mismatch between constituent materials. If the densities ρ GaAs and ρ InGaAs , as well as longitudinal acoustic velocities v GaAs and v InGaAs , are taken from Table 2 , the reflection coefficient of the GaAs/In 0.27 Ga 0.73 As interface can be calculated as Γ =|(ρ GaAs v GaAs − ρ InGaAs v InGaAs )/(ρ GaAs v GaAs + ρ InGaAs v InGaAs )| = 1.8 × 10 −2 . As illustrated in Figure 3 , if the small acoustic impedance mismatch between GaAs and In 0.27 Ga 0.73 As is neglected, in total six discrete wave-packets should be detected after the sample is irradiated by the pump light. The first wave-packet, which is not presented in Figure 2a because of the difficulties in removing the background signal at times close to the pump/probe overlap, stems from the detection of the forward and backward propagating stress bursts (S ib and S ir , i = 1, 2, 3) generated in each of the triple-QW stacks when they are escaping from the corresponding local stacks (Figure 3 , line 1). The second detected wave-packet stems from the detection of five stress bursts in the neighboring/local triple-QW stacks at the same time when the photo-generated stresses after the propagation between the triple-QW stacks start to move across the stacks. These five stress bursts include two pairs of bursts excited in the first and the second triple-QW stacks (S ib and S ir , i = 1, 2) and the backward propagating burst excited in the third triple-QW stack, i.e., S 3r (Figure 3 , line 2). The third wave-packet stems from the detection of four stress bursts (Figure 3 , line 3), and so on. In consequence, a smaller and smaller number of stress bursts contribute to the detection as stress waves propagate along the z-axis, which can also partly explain the damping of the wave-packet train (see Figure 2a ). Thereby, in the end, there is only the detection of S 3r in the third triple-QW stack, which corresponds to the sixth wave-packet signal. After S 3r leaves the last triple-QW stack, acoustic wave-packets excited in the QWs are not expected to be further detected in the MQW region, under the condition of their negligible reflections in the DBR region. However, our experimental results, presented in Figure 2a , clearly show more than five wave-packets (the 2nd~6th wave-packets) in the time domain (the first wave-packet at 0 ps is not shown there). In order to explain the existence of wave-packets beyond the expected number of occurrences given by the sample geometry, the small acoustic impedance mismatch between GaAs and In 0.27 Ga 0.73 As should be taken into account. In this way, the reflection of acoustic phonons from the interfaces between these materials can contribute to wave-packets bouncing between neighboring triple-QW stacks and between the first triple-QW stack and the air/GaAs interface. These multiple reflections produce "ringing" of the triple-QW stacks/air region, which lasts longer than the time necessary for the acoustic wave just to traverse it twice. A detailed theoretical model and comparison with experimental results will be presented in [40] .
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Broadband Acoustic Spectrum
In addition to the temporal evolution of the acoustic signal, its frequency spectrum is also worthy of scrutiny, given that our previous result [25] revealed only a part of the features visible in the spectrum detected in the current experiments. After 25 times magnification in the frequency range from 0 to 232 GHz and 15 times magnification in the frequency range from 497 GHz to 1000 GHz, the acoustic spectrum revealed a wide sub-THz comb-like structure with a regular comb spacing of around 33 GHz, which covered the range from ~30 GHz to ~800 GHz, as illustrated in Figure 2b . The comb spacing ~33 GHz (marked by gray vertical lines) corresponds to the reciprocal of time delay of neighboring wave-packets (30.25 ps), which agrees very well with the experimental result in the vicinity of 365 GHz, while there are small offsets in other spectral ranges. The visible non-constant comb spacing can be attributed to several factors. Firstly, one has to notice that the spectral amplitudes in the range 0-232 GHz and in the range 497-1000 GHz are at least one order of magnitude smaller than those around 365 GHz, which could possibly introduce a few GHz offset S ir and S ib (i = 1, 2, 3) denote the backward and forward emitted from the i-th triple-QW stack stress bursts presented in red and blue colors, respectively.
In addition to the temporal evolution of the acoustic signal, its frequency spectrum is also worthy of scrutiny, given that our previous result [25] revealed only a part of the features visible in the spectrum detected in the current experiments. After 25 times magnification in the frequency range from 0 to 232 GHz and 15 times magnification in the frequency range from 497 GHz to 1000 GHz, the acoustic spectrum revealed a wide sub-THz comb-like structure with a regular comb spacing of around 33 GHz, which covered the range from~30 GHz to~800 GHz, as illustrated in Figure 2b . The comb spacing~33 GHz (marked by gray vertical lines) corresponds to the reciprocal of time delay of neighboring wave-packets (30.25 ps), which agrees very well with the experimental result in the vicinity of 365 GHz, while there are small offsets in other spectral ranges. The visible non-constant comb spacing can be attributed to several factors. Firstly, one has to notice that the spectral amplitudes in the range 0-232 GHz and in the range 497-1000 GHz are at least one order of magnitude smaller than those around 365 GHz, which could possibly introduce a few GHz offset from the marked positions. Secondly, the low frequency modes could be nearly degenerate with the mini-Brillouin-zone modes which will be discussed in Section 3.2. Thirdly, there are uncertainties in the determination of the longitudinal acoustic velocity in the sample and in the quantum well stack-to-stack distance. This will lead to slight deviations from the expected constant comb spacing. The mode amplitudes of the frequency comb are modulated by the envelope derived from the first wave-packet FFT (magenta line in Figure 2b ), which produces a main lobe with a bandwidth of ∆B = 109.6 GHz (full width at half maximum) and a few side lobes with at least an order of smaller amplitudes than that of the main lobe. Therefore, the five frequency components in the vicinity of 365 GHz dominate the acoustic temporal features, while the lower frequency components (below 100 GHz) and higher frequency components (around 700 GHz) have a much smaller impact on the overall acoustic oscillations. It is worth noting that some of the predicted comb components are missing, which can be explained by the amplitude modulation of their envelope. Because the observed wave-packet is a result of the convolution between the generated stress burst and the detection sensitivity function of the QW-stack, the FFT envelope of the frequency comb is associated with the generation and detection processes. If the generation and detection functions are assumed to be of the rectangular spatial shape with a 33-nm width equal to the QW-stack thickness, due to the spatial restriction, the corresponding FFT envelope is thus sampling-function-like with a main lobe bandwidth ∆B = 124 GHz, which means the amplitude modulation leads to the suppression of comb components close to the dips of the envelope such as those around 260 GHz and 460 GHz. In total, up to 24 periodic frequency components spaced by 33 GHz are resolved in our experiment. Table 3 lists the main high frequency components from experiment and calculation. In comparison with calculations based on m∆f (m is an integer), the experimental frequency components show a small shift, i.e., of around 6 GHz, for each component in the vicinity of 365 GHz, which can be attributed to the uncertainties of longitudinal sound velocities in the sample and stack-to-stack distances. In order to understand the generated coherent acoustic phonons from the perspective of a SL rather than individual QWs, a folded CLAP dispersion relation calculated by the Rytov model in the SL formed by the GaAs (6 nm)/In 0.27 Ga 0.73 As (7 nm) units is plotted in Figure 2b . The dispersion relation of folded acoustic modes in a SL consisting of alternative layer A and layer B takes the following form in the slightly modified Rytov model [37] cos(kd) = cos ω
where ε is expressed as
In Equations (3) and (4)
, ρ A and ρ B denote the wavevector, the SL period, the angular frequency, the thickness of layer A, the longitudinal sound velocity in layer A, thickness of layer B, longitudinal sound velocity in layer B, density of layer A and density of layer B, respectively. In pump-probe experiments in reflection geometry, typical triplet-like mode structures usually arise due to the k = 0 modes at the Brillouin zone center and the detection of two additional modes of the nearby dispersion branches [37] , as marked by solid dots in Figure 2b . The calculation yields the expected triplet mode frequencies at 323.7, 354.7, and 386.2 GHz. The 354.7 GHz mode belongs to Raman active MBZ-center mode. 323.7 GHz and 386.2 GHz modes belong to lower branch p = −1 and upper branch p = +1 at k = 2q GaAs/InGaAs probe = 0.176π/d QW , respectively, where p represents the acoustic phonon order, and k represents the wavevector. The calculated triplet (323.7, 354.7, 386.2) is nearly coincident with three frequency comb center components (332.1, 364.6, 397.1) if the deviation between experimental and calculated comb spacings is considered. In addition, the unfolded mode of 31.2 GHz at k = 0.176π/d QW is nearly coincident with the first comb component at around 33 GHz. However, due to the overlapping frequency region with the acoustic frequency comb generated in the QWs, it is difficult to say how much those folded/unfolded CLAP modes contribute to the detected frequency components. In addition, the frequency amplitudes also exhibit uncertainty arising from difficulties of acquiring the exact profile of the detection spectral sensitivity function. Further investigations are required in order to distinguish coherent acoustic phonons generated in the GaAs/In 0.27 Ga 0.73 As SL from those generated in the QWs. For example, the same pump-probe experiment can be applied to a new sample where the triple-QW stacks distance d ss is carefully adjusted to result in an acoustic frequency comb with a spacing distinctly differing from 33 GHz, while the rest of the structure remains equal. In summary, a comb-like acoustic spectrum is generated and detected in the QWs in the MQW-SESAM sample where optical absorption takes place. Consisting of up to 24 detectable frequency components spaced by~33 GHz, it covers the frequency domain from~30 GHz to~800 GHz, but is most pronounced in the vicinity of 365 GHz. The detectability of a large number of frequency components can be attributed to the fact that the spectral sensitivity functions are nearly identical to the spectral generation functions in our structure by applying the two almost degenerate~1050-nm lasers for pump and probe. The observed spectral features can be readily understood in terms of single QWs or a SL description. In this case, we prefer the former, because the spatial excitation and detection functions are directly available and immediately result in the observed comb spectra. Still, we think the discussion of the latter is instructive in this scenario.
Low Frequency Mini-Brillouin-Zone Mode
Overview of Experimental Results
If the extraction of the acoustic phonon contributions from the original signal trace is numerically optimized for the lower frequencies in the signal via a larger smoothing scale for electronic and thermal background subtraction, a damped long-period oscillation (around 15 ps) over a long time delay is revealed, as shown in Figure 4a . The corresponding acoustic spectrum in Figure 4b exhibits multiple low frequency modes, which are the origin of the weak beatings in the time domain signal. Since the DBR in the sample has a long period d DBR = 160.4 nm which could, in theory, pave the way for the generation of the folded CLAP starting from 32 GHz, we propose that those low frequency modes referring to harmonics and subharmonics of 32 GHz are photo-excited in the DBR for some reason. Thus, the acoustic dispersion relation in the DBR is plotted in Figure 4b , represented by the blue line, and the calculated potential modes are listed in Table 4 . As a result, the experimental modes at 32.0 GHz, 63.1 GHz, and 95.1 GHz (marked by blue dots) agree well with the MBZ-center modes 32.17/32.18 GHz, 64.33/64. 35 GHz and 96.50/96.53 GHz at k = 0. Due to the small forbidden gap (0.01 GHz, 0.02 GHz and 0.03 GHz for the 1st, 2nd and 3rd dispersion branches, respectively) at k = 0, it is hard to resolve if the center modes belong to lower or upper branches. In addition, the long period of the DBR requires Umklapp processes for the wavevector k = 2q DBR probe , and thus, after the Umklapp processes the wavevector k = |2q DBR probe − 2π/d DBR | = 0.028π/d DBR is very close to k = 0 as the blue horizontal line indicates. Thus, this is a possible explanation why seemingly only the center modes are present in the spectrum in the reflection geometry. Meanwhile, the experimental modes 15.1 GHz, 78.3 GHz, and 110.1 GHz (marked by green dots) show a remarkable agreement with the MBZ-edge modes 15.28 GHz, 79.62 GHz and 110.8 GHz at k = π/d DBR . Normally, the generation of folded CLAPs is not expected in a DBR undergoing a below bandgap light irradiation due to the absence of light absorption. MBZ-edge modes are not detectable due to non-fulfillment of the wavevector conservation rule. Hence, in the following section, we will elaborate on the interpretation of our experimental findings and propose potential mechanisms that facilitate MBZ-center and -edge mode excitation and detection in the DBR of the MQW-SESAM structure.
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MBZ-Center Mode Excitation
One potential mechanism for the photo-excitation of MBZ-center modes is electrostriction. This mechanism can manifest itself in transparent media when, for example, two oblique pump laser beams are incident on the transparent medium to create an optical interference pattern inside the medium for excitation of counter-propagating acoustic waves [13] . When the acoustic phonons are excited through electrostriction, the energy is directly coupled from electro-magnetic fields of the laser to the acoustic field. The excited phonon momentum then matches the interference electric field via the momentum conservation law
where the subscript g denotes generated acoustic phonon and subscripts 1 and 2 denote the two incident photons. In the case of two laser beams with the same frequency, the generated phonon wavelength Λ is matched to the light field wavenumber by k g = 2q pump sin(θ/2), where k g denotes the excitation (pump) light wavenumber in the medium and θ denotes the angle between the two pump beams. Therefore, the generated phonon wavevector is tunable by adjusting θ in such a configuration. When two incident pump beams propagate in opposite directions, the acoustic phonon exhibits a wavelength of λ pump /2, corresponding to k g = 2q pump .
In our experiment, the incident pump beam is reflected by the DBR, whose reflectance is up to 99.7% for the pump wavelength of~1050 nm. Multiple scattering of the incident light in the DBR creates two evanescent counter-propagating light fields with comparable amplitudes, opening the way for the generation of high frequency CLAPs in the DBR via the electrostriction mechanism. As shown in Figure 4c , the pump light field intensity distribution in the DBR contains oscillating and evanescent average components covering nearly the whole DBR thickness. The sinusoidal component of the light field generates the phonons with k = k g = 2q DBR pump , where q DBR pump denotes the wavevector of the pump light in the DBR, which is modelled as an infinite SL. However, the magnitude of the evaluated k g appears to be outside the first Brillouin zone of the DBR, which can also be treated as a phononic crystal. This means that the generation of the phononic crystal eigenmode by the sinusoidally modulated part of the interference pattern created by our pump light should include Umklapp processes and the wavenumber of the generated phonon is
, where d DBR denotes the DBR period. As a result, because in our DBR the wavenumber of the pump light is very close to the MBZ boundary, in other words, half of the pump light wavelength is close to the DBR period, the photo-generated phonon is very close to MBZ center. However, this is not the only channel for the generation of the GHz CLAPs in the DBR. In the DBR, not only the periodically oscillating part, but also the averaged part of the intensity distribution of the pump light interference pattern can generate high frequency CLAPs due to the spatial periodic modulation of the electrostriction parameter in the DBR. This mechanism is absent in spatially-homogeneous, non-structured media. In principle, in this second channel, all k = 0 modes of the phononic DBR are photo-generated. From the above analysis, it follows that, because in our DBR λ DBR pump /2 and d DBR are very close, the constructive generation of the lowest energy k ∼ = 0 mode in the MBZ of the DBR via two described channels could be possible, in spite of transparency of the DBR for the pump light. The local electrostriction force → f can be presented as [43] 
where ρ denotes the total mass per unit volume, denotes the permittivity and E denotes the electric field. The right side of Equation (5) can be expanded into two terms:
The first term describes the force → f es1 stemming from the spatial modulation of the electric intensity E 2 ;
the second term describes the force → f es2 caused by the spatial modulation of the electrostriction coefficient ρ d dρ . The combined effects described by Equation (6) cause the resonant excitation of MBZ mode at k ∼ = 0 (fundamental~32 GHz mode and its higher-order harmonics) in the DBR, given the condition λ DBR pump /2 ≈ d DBR in our sample. Thus, the peaks at 32.0 GHz, 63.1 GHz and 95.1 GHz in Figure 4b can be attributed to MBZ-zone center modes, which are resonantly coherently excited by the light field in the DBR via simultaneous spatial modulation of the electric field intensity and of the electrostriction coefficient.
One may notice that amplitudes of the MBZ center modes do not show a monotonic decrease with increasing order. On the contrary, the second order mode 63.1 GHz significantly dominates in the spectrum. The amplitude ratios among the three modes are approximately 0.2:1:0.05. In order to explain this unusual behavior, we need to take two factors into account.
Firstly, as demonstrated in Section 3.1, the acoustic frequency comb excited in the In 0.27 Ga 0.73 As QWs has multiple components equidistantly spaced by ∆f ≈ 33 GHz over a wide frequency range, which means the first three components are at the locations ∆f, 2∆f and 3∆f, respectively. Therefore, the first three comb components are approximately coincident with the MBZ center modes of the first three orders in the DBR. In consequence, the experimental frequency at around 63.1 GHz could acquire more contribution from the photo-excited acoustic frequency comb in the QWs than the experimental frequencies at around 32.0 GHz and 95.1 GHz do. This is due to the fact that in the lowest frequency region, the side lobe of the envelope determined by the individual wave-packet FFT shows a peak close to the comb component 2∆f, while it exhibits dips close to the comb components ∆f and 3∆f (see Figure 2b ). The combined frequency at around 63.1 GHz is thus enhanced greatly compared to the pure second order MBZ-center mode in the DBR, which could partwise explain why the second order MBZ-center mode dominates rather than the first order MBZ-center mode (we cannot filter out the pure contribution of MBZ center modes from the spectrum).
Secondly, the amplitudes of the spectral components of the signal depend not only on the generation but also on the detection processes. While all the above considered three frequencies could potentially be detected both in the MQWs spatial region and in the DBR spatial region, the lowest of these frequencies could be additionally efficiently generated and detected in the parts of the samples which are not spatially structured. In other words, the generation and detection of the phonons around 32-33 GHz frequency could take place in spatially-homogeneous materials constituting our samples, for example in spacers between the MQWs. The counter-propagating light fields of pump laser in the MQW-SESAM structure could efficiently excite phonons at these frequencies by stimulated Brillouin scattering (via the electrostriction mechanism due to intensity modulation in their interference pattern, Figure 4c ). Probe light could be efficiently scattered by the propagating acoustic waves at these frequencies in our sample via the acousto-optic effect because the probe light and acoustic wave vectors are matched via momentum conservation law in the backward Brillouin scattering process. We found that in all materials of our sample, the so-called Brillouin frequencies of phonons, satisfying the momentum conservation law which is essentially the same for the efficient generation and the efficient detection, are very close to the MBZ center mode 32 GHz at k ∼ = 0 (31.4 GHz in GaAs, 30.8 GHz in In 0.27 Ga 0.73 As and 31.8 GHz in Al 0.95 Ga 0.05 As). The listed Brillouin frequencies here and in Table 4 have been calculated using f i = 2n i v i /λ probe [44] , where n i denotes the refractive index, v i denotes the longitudinal sound velocity in sample constituent materials and λ probe denotes the probe light wavelength in vacuum. Thus, the Brillouin frequencies could probably suppress the MBZ center mode at 32 GHz due to destructive interference between them when the phase difference is close to π, which could potentially explain why the first-order mode has a weaker amplitude than the second order one.
MBZ-Edge Mode Excitation and Detection
We will now move on to the discussion of the unexpected occurrence of MBZ-edge modes at 15.1 GHz, 78.3 GHz and 110.1 GHz (see Figure 4b marked by green solid dots). Concerning our experimental observation of MBZ-edge modes, firstly, we discuss a scenario that momentum conservation for edge mode could be fulfilled due to the absorption of the excess momentum by free carriers in the doped SL sample, when |π/d DBR − 2q probe | ≤ π/L QW (L QW denotes the thickness of QW layer in SL) [18] . In our structure, the DBR period d DBR = 160.4 nm is more than one order of magnitude larger than the GaAs/AlAs SL period in Ref. [18] , which causes the wavenumbers of the probe photon and edge phonon being nearly equal q probe ∼ = π/d DBR . If the refractive index of the DBR n DBR ≈ 3.22 (from Table 2 ) is used for q probe , then it appears that q probe < π/d DBR and |π/d DBR − 2q probe | ∼ = π/d DBR . Even if the refractive index of GaAs n GaAs ≈ 3.48 (from Table 2 ) is used for estimating q probe , then it appears that q probe > π/d DBR , requiring Umklapp processes in light scattering. So, the photons with wavenumber q' probe = q probe − 2π/d DBR could be scattered by the MBZ-edge phonons with wavenumber k' = −π/d DBR , leading to the same momentum excess |k' − 2q' probe | ∼ = π/d DBR . Therefore, the momentum conservation law in our experiments could be potentially restituted. However, our DBR is non-doped, and already possesses considerable thicknesses for the constituent layers, which makes it unlikely to induce electron confinement effects and significant interactions between the electrons in the neighboring GaAs layers required for absorbing excess momentum. Consequently, the zone-edge phonons in our experiments should not be detected in the frame of the hypothesis proposed in [18] . Secondly, we discuss the scenario that the observation of the zone-edge modes could be attributed to disorder-induced partial breakdown of momentum conservation in the semiconductor SL [19] . The roughness-induced layer thickness fluctuations cause a distribution of electronic confinement energies; thus, Raman scattering could be enabled in individual wells by confined electrons. In this situation, the wavevector conservation along the growth direction is no longer required. However, the precision in the fabrication of SLs has been considerably improved during the last 25 years and our DBR constituent layers (73.7 nm and 86.7 nm) are too thick to consider the influence of the atomic-scale thickness fluctuations. Lastly, the detectability of zone-edge mode could be possible in the case of Brillouin zone (BZ) folding of the BZ edge to the Γ-point in crystals according to Refs. [21] [22] [23] [24] . For example, in Ref. [24] multi-order phase-matching-free signals due to BZ edge phonons with comparable intensities are observed in a TiO 2 crystal by CARS spectroscopy. By the introduction of the dynamic BZ folding, originally Raman-inactive phonons at the opposing X-points become observable, and can be well understood. We consider this scenario to be the most plausible explanation for MBZ-edge modes observation in our experiments.
In the framework of the hypothesis proposed by Hanamura et al. [24] , firstly, the lowest energy k ∼ = 0 Raman active modes are resonantly and coherently excited by two pump laser fields at different frequencies, when the frequency difference ω 1 − ω 2 is tuned to the phonon mode frequency at ω(0). Compared to the above proposed hypothesis, the fundamental difference in our system lies in that the resonant Raman active scattering takes place in k-space rather than ω-space. In our pump-probe spectroscopy set-up, differing from two crossed incident pump light pulses with different frequencies ω 1 and ω 2 applied in CARS approaches, our incident pump light is perpendicular to the sample surface, and it is nearly 100% reflected back by the DBR. Thus, these are counter-propagating light fields that can excite zone-center phonon modes ω(0). In other words, the Raman-active ω(0) phonon excitation is realized not by tuning pump pulses frequency difference to ω = ω 1 − ω 2 = ω(0), but by spatial modulation of the light field intensity and electrostriction coefficient in the DBR with approximately equal periods of the SL and the light field intensity distribution, d DBR ≈ λ DBR pump /2, as previously demonstrated. In our experiments, the folded zone-center mode ω(0) ≈ 32 GHz and two higher-order zone-center modes, 63.1 GHz and 95.1 GHz, are excited and observed due to the finite spectral width of the ultrafast lasers pulse providing the required frequencies from the processes of difference frequency generation within the spectral width of our pump light (see Figure 4b) , which paves the way for further MBZ-edge phonons excitation. Secondly, a pair of phonons with frequencies ω(0)/2 ± ∆ω (∆ω ω(0)/2) are excited due to subharmonics decay of ω(0) (ω(0) ⇒ (ω(0)/2 + ∆ω) + (ω(0)/2 − ∆ω), k = 0 ⇒ (+ → k max ) + (− → k max ). In the DBR, the wavevector at MBZ edge is given by k = k max = π/d DBR . Furthermore, owing to the high amplitude of the resonantly excited coherent k = 0 mode, the process of decay can become stimulated, leading to the excitation of coherent zone-edge modes with k ∼ = ± → k max , ω ∼ = ω(0)/2 ∼ = ω → k max . We illustrate this process in Figure 5 .
As can be seen, a pair of phonons (ω(0)/2, +k max ) and (ω(0)/2, −k max ) at the opposite MBZ edges are coherently excited by the MBZ-center mode ω(0) via decay processes. The analysis of the temporal dynamics of spectral modes will later confirm the plausibility of the subharmonic decay process ω(0) ⇒ ω(0)/2 + ω(0)/2 . Thirdly, because the edge mode excited via stimulated subharmonic decay process is coherent, it introduces a new periodic phonon grating whose period is twice as large as the lattice period. The doubling of the phonon grating period is attributed to the above described excitation of phonon pairs at opposite MBZ edges, which causes lattice vibrations with π phase shift for the adjacent GaAs/Al 0.95 Ga 0.05 units along z-axis. As a consequence, a new zone folding is required by the dynamically doubled grating. Thus, with respect to the middle of the mini Brillouin zone, ±k max /2, the original zone-edge phonons are folded to near-center at k ∼ = 0, ω ∼ = ω(0)/2 where, being Raman-active, they are observable by the probe light. Fourthly, the probe light scattering by dynamic folded phonons with k ∼ = 0, ω ∼ = ω(0)/2 is a Raman-Nath-like process which enables the detection of multiple higher-order harmonics of zone-edge modes with comparable amplitudes [23, 24] .
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As illustrated in Figure 6 , basically, three steps are involved to create a quite complex MBZ acoustic spectrum in the DBR. At first, a series of MBZ-center modes ωi(0) (i = 1, 2, 3, …, approximately at 32, 64, 96 GHz, …) are excited due to the electrostriction mechanism, and those modes can become detectable by stimulated Brillouin scattering or Raman scattering (see line 1 in Figure 6 ). Subsequently, the stimulated subharmonic decay of MBZ-center modes ωi(0) (i = 1, 2, 3, …) excites the edge modes ωi(0)/2 (i = 1, 2, 3, …, approximately at 16, 32, 48, 64, 80, 96, 112 GHz, …), and then the edge modes become detectable at the zone center due to dynamical zone folding (see lines 2 and 3 in Figure 6 ). At last, the detection of dynamically-folded ωi(0)/2 (i = 1, 2, 3, …) mode at the zone center is a Raman-Nath-like probe light scattering process, which means several series of Raman-Nath-like phonon signals mωi(0)/2 (m and i = 1, 2, 3, …) can be present at the same time, for example, mω1(0)/2 = 16m (16, 32, 48, 64, 80, 96, 112 GHz, …, see line 4 in Figure 6 ), mω2(0)/2 = 32m (32, 64, 96, …, see line 5 in Figure 5 ), mω2(0)/2 = 48m (48, 96, 144 GHz, … see line 6 in Figure 6 ), and so on. As can be seen, in particular, the subharmonic decay of the first-order MBZ center mode ω1(0) = 32 GHz provides an explanation to the otherwise unexplainable ~15 GHz frequency. In terms of other (0) . In the DBR, at the MBZ edge wavevector is expressed as k = k max = π/d DBR . The mirror symmetry operation with respect to ±k max /2 boundaries enables the MBZ-edge modes (ω(0)/2 + ∆ω, +k max ) and (ω(0)/2 − ∆ω, −k max ) to be folded into the MBZ-center k ∼ = 0. In our situation, due to ∆ω ω(0)/2, the difference between ω(0)/2 + ∆ω, ω(0)/2 and ω(0)/2 + ∆ω are not given in the plot. We assume that all those modes are ∼ = ω(0)/2. As a result of the above hypothesis, the MBZ-edge mode around 15 GHz at k = π/d DBR , and its higher-order replicas in the signal up to those at 78.3 GHz and 110.1 GHz with the same-order amplitudes could be possibly detectable due to the subharmonic decay of the ω(0) ≈ 32 GHz mode, subsequent dynamic zone folding, and a Raman-Nath-like probe light scattering process in our experiments (see Figure 4b ). So far, we have only discussed the core principle of detectability of MBZ-edge modes; however, the actual processes are much more complicated.
As illustrated in Figure 6 , basically, three steps are involved to create a quite complex MBZ acoustic spectrum in the DBR. At first, a series of MBZ-center modes ω i (0) (i = 1, 2, 3, . . . , approximately at 32, 64, 96 GHz, . . . ) are excited due to the electrostriction mechanism, and those modes can become detectable by stimulated Brillouin scattering or Raman scattering (see line 1 in Figure 6 ). Subsequently, the stimulated subharmonic decay of MBZ-center modes ω i (0) (i = 1, 2, 3, . . . ) excites the edge modes ω i (0)/2 (i = 1, 2, 3, . . . , approximately at 16, 32, 48, 64, 80, 96, 112 GHz, . . . ), and then the edge modes become detectable at the zone center due to dynamical zone folding (see lines 2 and 3 in Figure 6 ). At last, the detection of dynamically-folded ω i (0)/2 (i = 1, 2, 3, . . . ) mode at the zone center is a Raman-Nath-like probe light scattering process, which means several series of Raman-Nath-like phonon signals mω i (0)/2 (m and i = 1, 2, 3, . . . ) can be present at the same time, for example, mω 1 (0)/2 = 16m (16, 32, 48, 64, 80, 96, 112 GHz, . . . , see line 4 in Figure 6 ), mω 2 (0)/2 = 32m (32, 64, 96, . . . , see line 5 in Figure 5 ), mω 2 (0)/2 = 48m (48, 96, 144 GHz, . . . see line 6 in Figure 6 ), and so on. As can be seen, in particular, the subharmonic decay of the first-order MBZ center mode ω 1 (0) = 32 GHz provides an explanation to the otherwise unexplainable~15 GHz frequency. In terms of other frequency components at ω i (0) (i = 1, 2, 3, . . . ) and ω i (0)/2 (i = 2, 3, 4, . . . ) detected in our experiment, several sources can contribute compared to that of~15 GHz mode. Based on the demonstration in Figure 6 , the frequency components at 32, 64 and 96 GHz consist of the MBZ-center modes ω i (0) (i = 1 for 32 GHz, i = 2 for 64 GHz, i = 3 for 96 GHz) generated by electrostriction and the modes generated via the subharmonic decay process at ω i (0)/2 (i = 2 for 32 GHz, i = 4 for 64 GHz, and i = 6 for 96 GHz), Subsequently, those modes become detectable through dynamic zone folding and Raman-Nath processes. Those frequencies at 32, 64 and 96 GHz can also be high-order replicas at mω i (0)/2 provided by probe light Raman-Nath-like scattering process ((m,i) = (2,1) for 32 GHz, (m,i) = (4,1), (2,2) for 64 GHz, and (m,i) = (6,1), (3,2), (2,3) for 96 GHz). Due to the involvement of MBZ-center modes ω i (0), the frequencies at approximately 32, 64 and 96 GHz can be observed without the hypothesis of a subharmonic decay, dynamic zone folding and Raman-Nath-like detection. In contrast, the frequencies at approximately 80, 112 GHz can only be observable by assumption of the above-discussed hypothesis. As can be seen from Figure 6 , the frequency components 80 GHz and 160 GHz consist of the modes generated via the subharmonic decay process at ω i (0)/2 (i = 5 for 80 GHz and i = 7 for 160 GHz), and detected via dynamic zone folding and Raman-Nath processes. Those frequencies at 32, 64 and 96 GHz can be present as high-order replicas at mω i (0)/2 ((m,i) = (5,1) for 80 GHz and (m,i) = (7,1) for 160 GHz) in the Raman-Nath-like probe light scattering process. The previous discussion shows that the observed frequency spectrum is most probably formed by a non-trivial interplay between different excitation and detection mechanisms in the DBR.
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Indications of Stimulated Subharmonic Decay of MBZ-Center Mode
Our first approach of providing an indication of the stimulated subharmonic decay of the mode ω(0) ≈ 32 GHz into the mode ω(0)/2 ≈ 15 GHz consists in the evaluation of the dependencies of the observed mode amplitudes on pump laser power. The pump power is varied from 43 mW to 67 mW in steps of 4 mW. In the considered interval of pump powers, the amplitudes of the evaluated individual spectral lines are well above the noise level. A small time interval ranging from 500 ps to 800 ps is chosen to capture the decaying center mode at 32 GHz. The acoustic signals and their spectra are presented in Figure 7a ,b. The dependencies of the 15 GHz, 32 GHz, 63 GHz, 80 GHz and 95 GHz modes amplitudes on the pump power are presented in Figure 7c . Those modes are normalized by their amplitudes at 43 mW power. This plot demonstrates the following tendency: the decrease of the 32-GHz mode amplitude is accompanied by an increase of the amplitudes of several other frequency components, which could be related to the detection of the zone-edge mode around 15 GHz frequency through a Raman-Nath-like probe light scattering process which accounts for the presence of frequencies at mω(0)/2 (m = 1, 2, 3, . . . ). The experimental dependences in Figure 7c are importantly nonlinear and multiple nonlinear processes could contribute to the details of these dependencies, including the pump absorption saturation in the QWs. However, it is clear that the decay in the amplitude of the 32 GHz mode is overall consistent with the hypothesis that its energy loss via a nonlinear process of the stimulated subharmonic decay could provide a contribution to the total dynamics of the~15 GHz mode. In Figure 7d , the amplitude ratio between the 32 GHz and 15 GHz modes decreases from 1.5 to 0.5, which is clearly a sign that the mode~32 GHz could play a role in the excitation of the otherwise unexplainable mode at~15 GHz. Our second approach to find additional support for the hypothesis of the stimulated subharmonic decay process is to monitor the time dependence of the ~15 GHz mode and compare it to the other modes of interest, in particular, the mode at ~32 GHz. We analyze the low-frequency part of the oscillations starting from the delay time of 400 ps, where the signal coming from the detection of high-amplitude high-frequency combs in MQWs stops dominating (see Figure 2a ). The idea is to extract amplitudes of the individual spectral lines as a function of the time delay from a short-time FFT result, shown in the right-hand-side of Figure 8a . The outcome, i.e., a rising amplitude of the 15 GHz oscillation and simultaneously decaying amplitude of 32 GHz oscillation over time delay, as plotted in Figure 8b , supports the argument that the excitation of the 15 GHz edge mode could stem from the stimulated decay of the ~32 GHz center mode. The analysis of the decay of the ~32 GHz mode amplitude presented in Figure 8b demonstrates that the attenuation of the mode in the interval from 400 ps to about 450 ps is amplitude-dependent and diminishing with time. Only in the time-delay interval after around 450 ps can the curve be fitted by an exponent with a constant decay time. This is an additional indication of the nonlinearity of the processes leading to the decay of ~32 GHz mode and the plausibility of the stimulated subharmonic emission of the ~15 GHz edge mode.
All the above-presented demonstrations (Figures 7 and 8) and arguments indicate that the source of the MBZ-edge mode excitation is a near k = 0 eigenmode of the DBR, which, in turn, provides evidence for monitoring folded CLAPs and edge modes in a long-period non-doped transparent semiconductor SL.
In summary, up to three of the MBZ-center at k ≅ 0 and -edge modes at k = π/dDBR starting from 15 GHz to 110.1 GHz are excited and observed in the optically transparent DBR region of the MQW-SESAM sample. A possible explanation for this unusual behavior is presented which assumes the generation mechanism of the zone-center modes is electrostriction in the DBR. Stimulated subharmonic decay of these zone-center modes then leads to the excitation of the zone edge modes in the DBR, which can be detected because of dynamic zone folding and Raman-Nath-type light scattering following the hypothesis. The nonlinearities revealed in the experimentally-observed acoustic dynamics of the MQW-SESAM structure provide strong a indication of the dominant role of the stimulated subharmonic decay processes in the detection of the zone-edge mode frequencies. Our second approach to find additional support for the hypothesis of the stimulated subharmonic decay process is to monitor the time dependence of the~15 GHz mode and compare it to the other modes of interest, in particular, the mode at~32 GHz. We analyze the low-frequency part of the oscillations starting from the delay time of 400 ps, where the signal coming from the detection of high-amplitude high-frequency combs in MQWs stops dominating (see Figure 2a ). The idea is to extract amplitudes of the individual spectral lines as a function of the time delay from a short-time FFT result, shown in the right-hand-side of Figure 8a . The outcome, i.e., a rising amplitude of the 15 GHz oscillation and simultaneously decaying amplitude of 32 GHz oscillation over time delay, as plotted in Figure 8b , supports the argument that the excitation of the 15 GHz edge mode could stem from the stimulated decay of the~32 GHz center mode. The analysis of the decay of the~32 GHz mode amplitude presented in Figure 8b demonstrates that the attenuation of the mode in the interval from 400 ps to about 450 ps is amplitude-dependent and diminishing with time. Only in the time-delay interval after around 450 ps can the curve be fitted by an exponent with a constant decay time. This is an additional indication of the nonlinearity of the processes leading to the decay of~32 GHz mode and the plausibility of the stimulated subharmonic emission of the~15 GHz edge mode. We have to bear in mind that the structure we investigated is complex, which potentially leads to the overlap of multiple coherent acoustic phonon sources in the frequency domain and a possible subsequent interplay between them such as enhancement or cancellation. For the time being, it is hard to identify the contributions from different mechanisms of the CLAPs excitation and detection in the individual spectral components of the signal. We discuss some of these peculiarities in Appendix A, where one can not only gain a deeper understanding of potential acoustic mechanisms, All the above-presented demonstrations (Figures 7 and 8) and arguments indicate that the source of the MBZ-edge mode excitation is a near k = 0 eigenmode of the DBR, which, in turn, provides evidence for monitoring folded CLAPs and edge modes in a long-period non-doped transparent semiconductor SL.
In summary, up to three of the MBZ-center at k 0 and -edge modes at k = π/d DBR starting from 15 GHz to 110.1 GHz are excited and observed in the optically transparent DBR region of the MQW-SESAM sample. A possible explanation for this unusual behavior is presented which assumes the generation mechanism of the zone-center modes is electrostriction in the DBR. Stimulated subharmonic decay of these zone-center modes then leads to the excitation of the zone edge modes in the DBR, which can be detected because of dynamic zone folding and Raman-Nath-type light scattering following the hypothesis. The nonlinearities revealed in the experimentally-observed acoustic dynamics of the MQW-SESAM structure provide strong a indication of the dominant role of the stimulated subharmonic decay processes in the detection of the zone-edge mode frequencies.
We have to bear in mind that the structure we investigated is complex, which potentially leads to the overlap of multiple coherent acoustic phonon sources in the frequency domain and a possible subsequent interplay between them such as enhancement or cancellation. For the time being, it is hard to identify the contributions from different mechanisms of the CLAPs excitation and detection in the individual spectral components of the signal. We discuss some of these peculiarities in Appendix A, where one can not only gain a deeper understanding of potential acoustic mechanisms, but can also find an explanation for important missing modes and additional modes in Figure 4b , as well as the reason why only the edge mode of~15 GHz excited via stimulated harmonic decay is revealed through the nonlinearities in the experiment.
Conclusions
In summary, we have investigated a MQW-SESAM structure by femtosecond time-resolved spectroscopy at a wavelength of~1050 nm, and found a wide variety of coherent acoustic features. In particular, we observed two distinct frequency regimes: one with its main frequency components appearing around 365 GHz, and the other with frequencies ranging from~15 GHz to~100 GHz.
The high frequency components can be attributed to the coherent acoustic phonons generated and detected in the In 0.27 Ga 0.73 As QWs of the sample, which also give rise to an acoustic frequency comb with a spacing of~33 GHz. The lower frequency components show the signature of SL eigenmodes and a comparison with the calculated acoustic dispersion of the DBR superlattice yields good agreement. This is surprising, because the DBR materials are transparent at the used pump wavelength, and thus, no acoustic response is expected. In addition, several unexpected modes are present in the acoustic spectrum, in particular, MBZ edge-modes which are usually not observable due to optical detection selection rules.
We propose an explanation based on the excitation of CLAPs in the DBR by spatial electrostriction coefficient modulation and the spatially modulated pump electric field. A subsequent stimulated subharmonic decay of the MBZ-center modes is then able to excite the MBZ-edge modes including the 15 GHz mode. The dynamical folding of the zone-edge mode onto the zone center, together with Raman-Nath-type probe light scattering, can account for the appearance of the MBZ-edge modes in the measured acoustic spectra. The observation of simultaneous CLAPs in MQW region and the weak MBZ modes in the DBR is enabled by the high-detection-sensitivity in our system (∆R/R~10 −7 ).
Our results not only provide a way to non-destructively characterize SESAM structures which are extensively employed in the realization of mode-locked lasers, but also provide new insights into the light-matter interaction in non-doped long-period superlattices formed by optically non-absorbing materials. of the modes ω 3 (0)/2 via stimulated subharmonic decay and the presence of the third-order replicas 3ω 1 (0)/2 of 15 GHz mode in the probe.
(3) The resonances of individual layers in our structure can also be potentially observed through the nonstationary process detection in time-domain spectroscopy, which are induced by the propagating phonons generated in QWs (In 0.27 Ga 0.73 As) or in the DBR. In the experiment, the detected 24 GHz (see Figure 4b ) between MBZ-edge mode 15 GHz and -center mode 32 GHz can be attributed to the half-wavelength resonant oscillations in 112-nm GaAs layers confined between two QWs, which are estimated to take place at~21 GHz. Besides, the~38 GHz mode (the closest peak on the right side of 32 GHz in Figure 4b ) could be a result of the resonance in Al 0.95 Ga 0.05 As layer with a thickness of 68.7 nm (in front of the DBR) where the oscillation at~40 GHz can take place. Additionally, the resonances that could potentially exist in the individual layer of GaAs (73.7 nm) and Al 0.95 Ga 0.05 As (86.7 nm) in the DBR are both close to 32 GHz, which are coincident with the first-order MBZ-center mode in the DBR. The above mentioned modes can be excited from time to time when the propagating phonons are incident on the corresponding layers.
(4) Considering the frequencies of phonons that could be excited via stimulated Brillouin backscattering processes in all constituent materials of the structure are close to 32 GHz mode in our experiment. As a result, the lowest in energy of k ∼ = 0 Raman-active modes in the stationary folded MBZ could be additionally resonantly pumped both in the DBR and the 145-nm SL by the coherent acoustic waves at the Brillouin frequency ω = ω B incident on them.
(5) The frequency comb spacing of the coherent acoustic phonons from the MQWs are very close to the lowest MBZ-center mode, i.e., ∆f ∼ = ω(0) ≈ 32 GHz, which hampers the determination of the decay time and amplitude for the phonon contribution from the DBR.
(6) All DBR eigenmodes could in theory be excited also by the CLAPs generated in QWs through light absorption when those CLAPs are incident on the DBR.
Despite the above discussed multitude of possible processes for excitation and detection of CLAPs in our sample, the occurrence of MBZ-edge mode in our experiments can be well explained by the hypothesis proposed in [21] [22] [23] [24] and is corroborated by the nonlinearities in the process of stimulated subharmonic decay of the MBZ-center mode in our experiments.
